a Diels-Alder reaction of 2-, 3-and 4-( phenylethynyl)quinolines and tetraphenylcyclopentadienone gave three regioisomeric 2,3,4,5,6-pentaphenyl-1-(quinolin-2-yl, -3-yl, and -4-yl)benzenes. Restricted rotation of the 3-yl and 4-yl substituted derivatives is observed between the central core and the substituents, resulting in propeller-shaped molecules. Likewise, 1,2-diquinolinyl-3,4,5,6-tetraphenylbenzenes with 3-yl,3-yl and 3-yl,4-yl connectivity were prepared. As evidenced by NMR spectroscopy, they form two diasteromers due to their restricted rotation. A cobalt-catalyzed [2 + 2 + 2]-cyclotrimerization of 2-(phenylethynyl)quinoline resulted in the formation of triphenyl-2,4,6-and -3,5,6-tri(quinolin-2-yl)benzenes.
Introduction
Considerable attention has been directed toward heterocycle polycations as they are interesting in natural product chemistry, heterocyclic chemistry, and materials chemistry. Thus, polypyridinium alkaloids (halitoxin, 1 cyclostellettamin C, 2 amphitoxin, 3 viscosamine, 4 viscosaline, 5 pachychalines A-C 6 ) are polycationic molecules from nature. Streitwieser et al. reported on series of polypyridinium salts and betaines which have adjacent heteroarenium rings in conjugation. 7 Thus, the five-fold pyridinium substituted cyclopentadiene anion 1 8 possesses structure elements of conjugated mesomeric betaines. The SASAPOS protocol (s̲ elf-a̲ ctivated s̲ ilyl-a̲ ssisted p̲ olyo̲ nio s̲ ubstitution) by Weiss et al. allowed for the synthesis of a variety of heteroarenium substituted substrates, for which 2 is given as an example here. 9 This widely applicable protocol 10 takes advantage of the fact that a substrate which bonds neutral ligands such as chloride undergoes a substitution with heteroaromatic nucleophiles equivalent to the quantity of the bonding ligands in the presence of the same number of equivalents of trimethylsilyltriflate (TMSOTf ). We reported on heterocycle polycations with heteroaromatic central cores such as pyridine, 11 pyrimidine, 12 pyrazine, 13 pyridazine, 13 1,3,5-triazine, 13 and purine. 13 An example is pentacation 3. 14 Pyridine polycations proved to be versatile starting materials for the synthesis of highly substituted pyridines with various substitution patterns. 11 Apart from their synthetic applicabilities, heterocycle polycations are of interest as potential semiconductors, 15 photosensitive materials, 16 oxidants, 17 and biologically active compounds like herbicides, 18 acetylcholinesterase reactivators, 19 and cholinesterase inhibitors. 20 A recent review article summarizes results achieved so far (Scheme 1). 21 Steric hindrance exerted by the peripheral ligands cause propeller-shaped molecules. Recently, the sterically congested hexa(heteroaryl)benzene (HHAB) 4 was formed as two isolable isomers which differ only in the rotation of one methyl-pyridine group. 22 In general, propeller-shaped hexaarylbenzenes (HABs) such as hexa(β-naphthyl)benzene 5 23 have numerous applications in materials sciences as they play roles as liquid crystals, 24 microporous organic solids, 25 molecular capsules, 26 supramolecular electronic materials, 27 molecular rotors, 28 nonlinear optical materials, 29 metal sensors, 30 redox materials, 31 and molecular wires. 32 We report here on quinolinium-substituted benzenes which combine the features of HHABs and polycations as they have to adopt propeller-shaped
Results and discussion
First, Sonogashira-Hagihara coupling reactions were used to prepare three isomeric ethynyl-substituted quinolines as starting materials for the synthesis of monoquinolinyl-substituted pentaphenylbenzenes, which are of potential interest as ligands of organic electroluminescent device materials. 33 Thus, the 2-, 3-, and 4-halosubstituted quinolines 6a-c and phenylacetylene 7 were reacted to give the quinolines 8a-c in good yields (Scheme 2). With these compounds in hand, we examined the [4 + 2]-cycloaddition with tetraphenylcyclopentadione 9. The reaction did not proceed under a variety of different conditions that were tested, among those reflux temperature in benzene, toluene, and xylene, respectively. On increasing the reaction temperature to 305°C by using benzophenone as a solvent, however, the quinolines 10a-c were finally prepared within 30 min in moderate yields. Similar to hexaphenylbenzene, the six peripheral rings of 10a-c cannot lie in the plane of the central benzene ring. Whereas in solution, on the NMR time scale, the peripheral rings are perpendicular to the plane of the central ring in the absence of appropriate substitutions, the X-ray structure of hexaphenylbenzene itself showed a propeller conformation with angles around the Ph-Ph bonds of approximately 65°. 34 It is known that methyl and methoxy groups in C 6 Ar 6 systems in ortho position cause a barrier of rotation of approximately 33 kcal mol −1 , whereas this value is considerably decreased to approximately 17 kcal mol −1 for the case of meta-substitutions. 23 Hexaphenylbenzene C 6 Ph 6 consequently displays one set of signals in the 13 C NMR spectra and one overlapped signal with a center of gravity at 6.83 ppm (30H) in the proton resonance spectra. 35 The chemical shifts of 10a-c are different as a consequence of their isomerism and, in addition, intermolecular interactions (Fig. 1) . The broadening of the signals at approximately 7.00 ppm in the spectrum of 10a (blue) can be attributed to N⋯H-C interactions to the nitrogen atom, which is not possible in 10b,c. These interactions are thought to be within the limits of hydrogen bonds and classical van der Waals contacts. 36 The upfield shift of phenyl ring signals due to intramolecular π-interactions caused by the quinolin-4-yl substitution of 10c can clearly be seen (black), which are less in 10a,b.
The steric hindrance of the quinoline rings can be compared with 1-(3,4-dimethylphenyl)-2,3,4,5,6-pentaphenylbenzene 37 for 10a,b and 1-(2,3-dimethylphenyl)-2,3,4,5,6-pentaphenylbenzene, which seems to be unknown, for 10c.
Scheme 1 Examples of heterocycle polycations and of propellershaped molecules.
Scheme 2 Synthesis of monoquinoline-substituted HHABs. However, the quinolin-4-yl-substitution pattern of 10c imitates the steric hindrance of the methyl group in the model compound 1-(2-methylphenyl)-2,3,4,5,6-pentaphenylbenzene which has a propeller-type topology in the solid 38 and a slow rotation of the o-tolyl group 25°C in solution. 39 For the case of free rotation under the measurement conditions, 25 distinct 13 C NMR resonance frequencies can be expected for 10a-c, among those 15 signals of CH groups. For the case of restricted rotation, this number is increased to 29 13 C NMR signals in total, and 19 signals of CH groups, because the ortho-and meta-positions of the 2-and 3-phenyl substituents become non-isochronous. The least sterically hindered compound 10a displays 22 distinct signals due to overlapping in DMSO-d 6 at 25°C. Compound 10b shows the expected 29 signals for a restricted rotation, and 10c displays in total 27 distinct resonance frequencies under the same measurement conditions, presumably due to overlapping of two signals.
The same protocol was applied to the reaction of quinoline 14 with two alkynyl residues which was prepared in 21% yield in three steps from 1,4-dibromobenzene 11 via 12 and 13 as shown (Scheme 3). Quinoline 14 reacted with an excess of cyclopentadienone 9 to give compound 15 which precipitated as exclusive reaction product during the work-up procedure in good yield.
The method is also applicable to prepare isomeric diquinolinyl substituted tetraphenylbenzenes (Scheme 4). Thus, under analogous conditions, the compound 19a with quinolin-3-yl/ 3-yl connectivity and the isomeric quinolin-3-yl/4-yl derivative 19b were prepared in 90% and 78% yield, respectively, starting from 18a,b which are available starting from 6b,c and 17 by standard procedures. The quinolin-3-yl,3-yl compound 19a can exist in two diastereomeric forms due to restricted rotation, a C s conformation and a racemic pair with C 2 symmetry, similar to hexaarylbenzenes with two meta-substituents at 0°C on the NMR time scale. 34 For the synthesis of HHABs with three quinoline residues another approach was applied. Thus, the asymmetric acetylene 8a was subjected to a cobalt-catalyzed [2 + 2 + 2]-trimerization reaction which has already been applied for the synthesis of HABs before (Scheme 5). 41 The trimerization of 8a gave a mixture of two separable regioisomers 20a and 20b (1 : 3) with a total yield of 40%. Compound 20a is a heteroaromatic analogue of 1,3,5-tri(α-naphthyl)-benzene, a propeller-like, nonplanar molecule that is known to interlock in the melt. 42 It displays 15 13 C NMR signals, similar to the corresponding number of signals of D 3h symmetric oligophenylenes which were expected within the fast exchange limit for all single bond rotations. 43 Similar to the spectra of the mono(quinolin-2-yl)derivative 10a, the signals of the ortho-and meta-protons appear as broad singlets due to N⋯H-C interactions. Assignment of all atoms using 2D spectra was possible; one set of proton signals for all three quinoline residues of 20a was found. It is known that ortho-substitutions, which cannot be taken as a model for the quinolin-2-yl substitution, can prevent rapid interconversion of the C 3v and C s isomeric forms which are the result of the formation of syn-and anti-conformations. 44 Trimerization of the acetylene 18a was tested to prepare a hexaquinolin-3-yl substituted benzene. Indeed, HHAB 21 was formed in 85% yield (Scheme 6). Unfortunately, due to the rather limited solubility of 21 NMR analyses were not possible. Nonetheless, the corresponding HRMS (m/z = 863.2896) is in accord with the structure of 21 which can exist in eight rotameric forms. Literature-known 23 calculated minimized energies of hexa(β-naphthyl)benzene, the non-heteroaromatic analogue of 21, revealed that the most stable rotamer is the one in which all β-naphthyl residues are twisted onto the same side (6,0). The X-ray crystal analysis of hexa(2-pyridyl)benzene, however, revealed the α,β,α,β,α,β arrangement of pyridine rings and dihedral angles between the pyridyl substituent and the benzene ring of approximately 90°. 22 
Synthesis of polycationic HABs
Based on former experiences of our group, 45 dimethyl sulfate was used as a methylation agent to convert the quinoline derivatives into cationic species. First, the monoquinoline substituted HABs 10a-c were successfully methylated in anhydrous toluene under reflux conditions (Scheme 7). The N-methyl group of 22a interlocks the molecule and 19 distinct 13 C NMR signals of CH groups are detectable plus the signals of the anion and the methyl group at 52.8 and 42.5 ppm, respectively. Thus, in contrast to 10a-c, 22a-c all display the same number of signals. The N-methylquinolinium salts of 15 with methylsulfate (23) and hexafluorophosphate anions (23PF 6 ) were prepared as well, and the diquinoline HABs 19a,b were also successfully methylated. An immediate anion exchange reaction during work-up yielded the dihexafluorophosphate salts 24a,b. Similar to the non-methylated precursors 19a and 19b, the number of 13 C NMR resonance frequencies of 24a and 24b is 38 and 72, respectively. The 3-yl,3-yl salt 24a has an almost identical ratio of rotamers (1 : 0.9) as its non-methylated precursor, and the corresponding ratio of the salt 24b in DMSO-d 6 is 1 : 1.27. In summary, except for 10a, no spectroscopically detectable changes of the symmetry of the molecules is caused by the methylations. On methylation, the UV/Vis absorption maxima display bathochromic shifts. The spectra are shown in the ESI. † Finally, N-methylation of 21 with an excess of dimethyl sulfate followed by precipitation with NH 4 PF 6 successfully gave the fully methylated hexacationic HHAB 25 (Scheme 8) which is soluble in DMSO-d 6 and which could be characterized completely.
Theoretically, the salt 25 can exist in eight rotameric forms A-H. Similar to hexa(β-naphthyl)benzene, 23 rotamer. As a matter of fact, the rotamers of 25 cause signal overlaps in the 1 H NMR spectrum at ambient temperature ( Fig. 1 , spectrum 1, ESI †). The spectra change reversibly on heating of the NMR sample successively from rt to 100°C ( Fig. 1 , spectra 2-9); on cooling, the original spectrum is reconstituted ( Fig. 1 , spectrum 10). Obviously, no other ratio of sets of isochronous rotamers is formed during this temperature experiment. Calculations of all true minimum structures of 25 show that in all rotamers the dihedral angles between the quinoline and the phenyl rings are in the range from 71°to 88°. 
Conclusions
Series of propeller-shaped quinolinium-substituted benzenes as well as their electrostatically neutral precursors have been prepared under variation of the substitution site of the quinoline ring (2-yl, 3-yl, 4-yl), covering the range from the monocationic quinolinium-2,3,4,5,6-pentaphenylbenzene to the hexacationic hexakis(1-methylquinolinium-3-yl)benzene. The latter can exist in eight different rotamers, the (3,3)-1,3,5-isomer of which was calculated to be the most stable one. Due to the propeller-shape geometry which suppresses conjugation throughout the entire π-electron system, the frontier orbitals are located in the individual quinolinium rings.
Experimental
All reactions were carried out under an atmosphere of nitrogen in flame or oven-dried glassware. All chemicals were purchased and used without further purification unless otherwise mentioned. Anhydrous solvents were dried according to standard procedures before usage. Melting points are uncorrected and were determined in an apparatus according to Dr Tottoli (Büchi). The ATR-IR spectra were obtained on a Bruker Alpha in the range of 400 to 4000 cm −1 . 1 H NMR spectra were recorded at 600 MHz. 13 C NMR spectra were recorded at 150 MHz, with the solvent peak used as the internal reference. Multiplicities are described by using the following abbreviations: s = singlet, d = doublet, t = triplet, q = quartet, and m = multiplet. Spectroscopic atom numberings are shown in the ESI. † Signal orientations in DEPT experiments were described as follows: o = no signal; + = up (CH, CH 3 ); − = down (CH 2 ). 
Synthesis
General procedure of Sonogashira-Hagihara coupling (Procedure 1)
The reactions were carried out under a nitrogen atmosphere. A mixture of 5 mmol of corresponding haloquinoline 1, 1 mol% of Pd(PPh 3 ) 2 Cl 2 , and 2 mol% of CuI was suspended in 7 mL of dry NEt 3 with stirring. A sample of the corresponding ethynylbenzene 2 (1.05 equiv.) in dry NEt 3 was added dropwise at ambient temperature. The resulting solutions were then stirred at reflux temperature until complete conversion was monitored by TLC. The mixtures were then allowed to cool to rt. The solvents were removed in vacuo. The resulting residues were finally purified by column chromatography ( petroleum ether : ethyl acetate) to afford the products. 
3-(Phenylethynyl)quinoline (8b)
. According to Procedure 1, a solution of 2.080 g (10.00 mmol) of 3-bromoquinoline 6b, 0.070 g (0.10 mmol) of Pd(PPh 3 ) 2 Cl 2 , 0.038 g (0.20 mmol) CuI and 1.071 g (10.50 mmol) of ethynylbenzene 7 in 30 mL of anhydrous NEt 3 was heated over the period of 1.5 h under reflux temperature. Finally, a purification by column chromatography ( petroleum ether : ethyl acetate = 3 : 1) gave 3-( phenyl-ethynyl)quinoline 8b.
General procedure of preparation of propeller-like compounds (Procedure 2)
Benzophenone (10 g) was melted in a 50 mL round-bottomed flask fitted with an air condenser. Corresponding phenylethynylquinoline 8 (2.00 mmol) and tetraphenylcyclopentadienone 9 (2.50 mmol) were added to the flask, which was heated for 0.5 h using a heat gun. The solution was cooled to rt and toluene (10 mL) was added to prevent the solidification of the benzophenone. After cooling, n-hexane (50 mL) was added, resulting in the precipitation of a product, which was collected by vacuum filtration. 2,3,4,5,6-Pentaphenyl-1-(quinolin-2-yl)benzene (10a). 2,3,4,5,6-Pentaphenyl-1-(quinoline-2-yl)benzene 10a was prepared by Procedure 2 using 2-( phenylethynyl)quinoline 8a (0.158 g, 0.690 mmol) and tetraphenylcyclopentadienone 9 (0.394 g, 1.035 mmol) in benzophenone (5 g 2,3,4,5,6-Pentaphenyl-1-(quinolin-3-yl)benzene (10b). 2,3,4,5,6-Pentaphenyl-1-(quinoline-3-yl)benzene 10b was prepared by Procedure 2 using 3-( phenylethynyl)quinoline 8b (0.458 g, 2.00 mmol) and tetraphenylcyclopentadienone 9 (0.961 g, 2.50 mmol) in benzophenone (10 g) in 50 mL roundbottomed flask in 0.5 h. Yield 0.590 g, 51%, a white solid, m.p. 334°C. 1 1,2-Di(quinolin-3-yl)-3,4,5,6-tetraphenylbenzene (19a) . According to Procedure 2, benzophenone (5 g) was melted in a 50 mL round-bottomed flask fitted with an air condenser. 3,3′-Ethyne-1,2-diyldiquinoline 18a (0.280 g, 1.00 mmol) and tetraphenyl-cyclopentadienone 9 (0.576 g, 1.50 mmol) were added to the flask, which was heated for 1 h using an open flame. The solution was cooled to rt and toluene (3 mL) was added to prevent the solidification of the benzophenone. After cooling, n-hexane (200 mL) was added, resulting in the precipitation of 19a as a white powder, which was washed with n-hexane and toluene, and collected by vacuum filtration. 139.8 (o), 139.6 (o), 139.3 (o), 139.0 (o), 138.9 (o), 138.6 (o),  134.1 (+), 133.6 (+), 130.8 (+), 130.3 (br, +), 129.0 (+), 128.8 (+ General procedure for the preparation of the salts (Procedure 4)
Samples of 0.50 mmol of the corresponding quinolines were dissolved in toluene containing 1 drop of nitrobenzene. Then 0.75 mmol of dimethyl sulfate was added with stirring. Thereafter the resulting mixture was stirred under reflux temperature. After completion of the reaction (controlled by TLC), the solution was cooled, the crude product was filtered off, washed with ethyl acetate (3 × 10 mL), and dried to afford the product. 2,3,4,5,6-Pentaphenyl-1-(1-methylquinolinium-2-yl)benzene methylsulfate (22a). According to Procedure 4, a solution of 0.100 g (0.171 mmol) of 2,3,4,5,6-pentaphenyl-1-(quinoline-2-yl)benzene 10a, 1 drop of nitrobenzene and 0.06 mL (0.63 mmol) of dimethyl sulfate in 5 mL of anhydrous toluene was heated for 2 h under reflux temperature to give 2,3,4, 5,6-pentaphenyl-1-(1-methylquinolinium-2-yl)benzene methylsulfate 22a. 
